ABSTRACT
Early diagnosis and early treatment is known to improve prognosis for gastric cancer. Magnetic affinity beads can be used to extract peptides from un-fractionated serum samples. Matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF-MS) can detect the presence and the molecular mass of peptides. MALDI-TOF-MS mass spectra of peptides and proteins were generated after WCX CLINPROT bead fractionation of 62 gastric cancer serum samples. The discovery set consisted of 44 samples while the validation set was 18 serum samples. The spectra were analyzed statistically using flexAnalysisTM and Clin-ProtTM bioinformatic software. The six most significant peaks were selected out by ClinProTool software and utilized to train a Supervised Neural Network to identify gastric cancer sera from control sera. The sensitivity and specificity of the model when tested on the validation set were 100% and 75%, respectively. A set of 6 peptides that can be used to distinguish serum from gastric cancer patients with good sensitivity and specificity were identified, and these peptides may be useful biomarkers to distinguish cancer individuals who may benefit from radiologic or endoscopic examination.
INTRODUCTION
In recent years, proteomics has become a broadly developing technique in the field of biotechnology. A primary goal of proteomics is the discovery of biomarkers for various human disease conditions, especially cancers. Plasma and serum are considered to be the source of choice in molecular diagnostics (1) . However, although readily accessible from patients, plasma proteome analysis is influenced by a lot of major components present, such as serum albumin, immunoglobulin, etc., the predominance of which raises detection problems for the less abundant marker species (2) . Several researchers have tried to provide early cancer detection via sophisticated software processing of serum/plasma mass spectrometry profiles, where the result is typically based on a pre-trained artificial intelligence system decision (3) (4) (5) . Serum biomarkers for gastric cancers have been identified by two-dimensional gel electrophoresis (2D PAGE) (6), antibody microarray (7), and surface enhanced laser desorption ionization mass spectrometry (SELDI-MS) (8, 9) . However, among a huge amount of biomarkers discovered by other technology, only a few of them have been identified due to the technique limitation in supporting direct identification on chip using a ProteinChip Array. In fact, identification of these candidates will not only assist in exploring the mechanism of carcinogenesis, but also facilitate the development of more traditional multiprotein antibody arrays for the early detection of cancer.
Gastric cancer is the fourth most common cancer in the world. Almost two-thirds of cases occur in less developed countries with high incidences in East Asia, Eastern Europe, and Central and South America (10) . Early diagnosis and early treatment is known to improve prognosis, but a lack of specific biomarkers (11) means that diagnosis by upper gastrointestinal radiography, endoscopy and biopsy is often too late. Consequently, these tumors tend to be advanced and result in a low (< 10%) five-year survival rate.
Currently, the screening of cancer biomarkers is a hot field in serous proteomics because serous proteins often serve as indicators of diseases and are therefore rich sources for biomarker discovery. Due to the reduced costs associated with affinity bead-based purification development, these proteomic procedures have become suitable for general MS analysis. This method uses different chemical chromatographic surfaces on an outer layer of magnetic beads to selectively purify certain subsets of proteins, thus allowing unbound impurities to be removed by washing with buffers. Proteins bound to the magnetic beads are then eluted, diluted, and directly analyzed by MALDI-TOF-MS. Bioinformatics algorithms are used to align and integrate hundreds of mass data points from large numbers of samples. The technical performance of affinity bead purification is similar to that of ELISA, and it can be used to process many samples in parallel. This approach is sensitive and fast, which are features essential for clinical use. Moreover, the cost is low, and further protein identification can be easily performed from the eluted material without the need for complex purification. (12) (13) (14) . A clinically-useful circulating tumor marker with good sensitivity and specificity for diagnosis and monitoring of gastric cancer progression may help to decrease the current morbidity rates for patients diagnosed with gastric cancer. We describe potential biomarkers identified through the use of affinity bead purification and MALDI-TOF-MS.
MATERIAL AND METHODS

Patients and blood sample preparation
Serum samples were collected from control patients and patients with potentially-resectable gastric cancer. Blood was collected preoperatively in glass tubes without additive (BD Vacutainer™ Franklin Lakes, NJ) and was allowed to clot at room temperature for 40 min. Serum was separated by centrifugation at 2000 rpm for 15 min, immediately split into 200µl aliquots and frozen at −80 °C until analysis. The time from collection to frozen storage was no more than 60 min. All patient data were anonymized. The processing, collection and storage protocols for all individuals were identical.
The discovery set used to train the neural network comprised of 44 serum samples: 28 from patients with histologically-confirmed gastric cancer (17 male, 11 female, median age 65 years), and 26 from control individuals (16 male, 10 female, median age 60). The Verification set was not used in training and comprised of eighteen-samples: 10 from patients with histologically confirmed gastric cancer (7 male, 3 female) and eight from control individuals (5 male, 3 female). Researchers and operators were blinded with regard to the verification set diagnoses. All control subjects were free of malignant disease and denied a personal or family history of cancer. In all gastric cancer patients, diagnosis was histologicallyconfirmed and staging of the tumors was performed according to routine cancer patient management protocols. This study was performed according to the guidelines of the Ethics Committee of Shanghai Jiao Tong University School of Medicine.
Serum protein fractionation
All samples were assayed in duplicate. Serum samples were thawed and purified using chemically coated magnetic WCX (Weak cation exchange) beads (Bruker Daltonics,). 10 µl of Serum was mixed with 5 µl of beads and samples were purified through 3 steps (binding, washing, and elution) in accordance with the manufacturer's protocol. Each incubation step took 1 min. Elution was carried out with 5 µl of elution buffer and the purified material was 8-fold diluted with the elution solution prior to MS analysis.
Mass spectrometry analysis to profiling serum proteome
For MALDI-TOF-MS analysis, 1 µL of the above-diluted purified serum was mixed with 0.5 µl of matrix solution (2 g/L α-cyano-4-hydroxycinnamic acid, and 1% formic acid in 50% acetonitrile) and allowed to dry onto the MALDI sample plate (600 µm AnchorChip™, Bruker Daltonics Company). Two peptides were also included in the matrix solution for internal calibration: 10 pmol/mL angiotensin II and 10 pmol/mL ACTH18-39 (Bruker Daltonics). Laser desorption was targeted randomly on the sample plate and samples were measured using an Autoflex II MALDI-TOF mass spectrometer (Bruker Daltonics) operated in positive ion linear (reflection) mode. Ionization was achieved by irradiation with a 50 Hz nitrogen laser. Spectra were the mean of 100 ionizations with fixed laser power in linear geometry mode and mass maps were obtained in reflectron mode. The spectra were calibrated externally with a mixture of protein/peptide standards in the range of 1000 to 12 000 Da (Bruker Daltonics). For data bank analysis, all spectra were processed by automatic baseline subtraction, peak detection, recalibration, and peak area calculations were performed according to the predefined parameter settings. The criteria for peak detection were: Signal/Noise (S/N) ratio > 5, 2 Da peak width filter, and maximum peak number of 200. The intensities of the peaks of interest were normalized against the peak intensity of the ACTH internal standard. A ±2 Da mass accuracy for each spectrum was observed, which may be due to the geometry of varied sample positions on the AnchorChip. These mass shifts were corrected by the flexAnalysis™ software after alignment with the 2 internal standards. 
Statistical methods, evaluation of diagnostic efficacy
All MALDI-TOF-MS spectra were analyzed with flexAnalysis™ to detect the peak intensities of interest and CLINPROT™ software to compile the peaks across the spectra obtained from all samples (Bruker Daltonics Company). This analysis allowed for discrimination between cancer and control samples. To evaluate the precision of the assay, we determined within-and betweenrun variations via multiple analyses of bead fractionation and MS for 2 plasma samples. For within-and between-run variation, we examined 3 peaks with various intensities. We determined within-run imprecision by evaluating the CVs for each sample, using 12 assays within a run. To assess diagnostic efficacy, we calculated the means (SD) of the peaks of interest in the control group. The cut-off value was defined as mean plus 2SD of the control samples. The sensitivity (ratio of the cancer samples with a mass intensity greater than the cutoff value to all samples in the cancer group) and specificity (ratio of control samples with a mass intensity less than the cutoff value to all samples in the control group) were analyzed accordingly. Receiver operator characteristic (ROC) curves for differentiating gastric cancer patients from control subjects were constructed by calculating the sensitivities and specificities of the biomarkers at different cut-off points. Area under ROC curves (AUC) values of 0.50.7 suggest low diagnostic accuracy, values of 0.70.9 suggest limited clinical utility and values >0.9 suggest high global diagnostic accuracy (10).
Identification of protein markers
Selected peptides were further purified by use of C18 beads from Nano Aquity UPLC (Waters Corporation, Milford, USA) and serially eluted with 5% and 95% acetonitrile. These peptides were identified directly by LTQ Orbitrap XL (Michrom Bioresources, Auburn, USA) analysis to obtain the peptide sequences. Peptide mass fingerprinting was performed with the International Protein Index (IPI Human v3.45 Fasta with 71983 entries) and a search of the National Center for Biotechnology Information (NCBI) protein-protein BLAST database (http://www.ncbi.nlm.nih.gov/BLAST/).
RESULTS
Identification of serum proteomic features associated with gastric cancer
To determine proteomic patterns and search for a specific Gastric Cancer marker, magnetic bead purified samples exhibited spectral peaks in the 1000-10,000 Da range. Typical WCX spectra for healthy and gastric cancer serum, as well as the effect of pre-processing and normalization, are shown in Figure 1 . Differences in peak positions and intensities, which were later used to statistically analyze the spectra, can be seen. Using ClinprotTools ver 2.1 (Bruker Daltonic), the centroid peak detection algorithm using an S/N threshold of 2 and peak width of 5 m/z units identified 30%-40% more peaks in mouse serum spectra than human serum spectra when using comparable clotting, WCX and MALDI-MS protocols.
MALDI-TOF analysis of the normal and gastric cancer patients resulted in 94 distinguishable peaks available in the 1,000 to 10,000 m/z range, with 23 peaks having differential expression and statistical significance P<0.01 (shown in Table 1 ). To assess the diagnostic efficacy, the mean (SD) masses of the 23 peaks in the control group were calculated. Two significantly differently expressed proteins of 5248.49Da and 5754.25Da were identified with high expression in the gastric cancer sera as compared to controls (shown in Mass spectra profiles of proteins/peptides with masses 5248.49D and 5754.25Da. In both plots, the control group (N) is shown in red and the gastric cancer group (T) in green. In both cases, the mean ± SD peptide concentration (shown in lower box-plot) is higher in the tumor group than in the control group. Figure 2 ). These two peaks appeared to have significant discriminatory potential (shown in Figure 3 ).
Sensitivities and specificities of the biomarkers by receiver operating characteristic (ROC) curve analysis
A receiver operating characteristic (ROC), or simply ROC curve, is a graphical plot of the sensitivity vs.
(1-specificity) for a binary classifier system as its discrimination threshold is varied. The ROC can also be represented equivalently by plotting the fraction of true positives (TPR = true positive rate) vs. the fraction of false positives (FPR = false positive rate). Also known as a Relative Operating Characteristic curve, because it is a comparison of two operating characteristics (TPR & FPR) as the criterion changes. ROC curves were constructed for each of the 23 proteomic features by calculating the sensitivities, specificities and accuracies of the biomarkers at different cut-off points for differentiating gastric cancer patients from control subjects. The areas under the ROC curves of these proteomic features were between 0.77 and 0.98 in the discovery set. Table 2 shows the specificity and sensitivity of the different proteins. The proteins with peaks 4268.05, 5248.49 and 5904.83 showed the highest AUCs (> 0.95) (shown in Figure 4 ).
4.3.Establishment and validation of gastric cancer predicting model
A Supervised Neural Network (SNN) in CLINPROT was trained with the detected peaks from the discovery set to generate cross-validated classification models. The best predicting model resulted in a recognition capability between gastric cancer and controls of 100%. Six MALDI-TOF peaks (4268.05m/z, 5636.53m/z, 5248.49m/z, 2933.15m/z, 1450.13m/z and 1349.4m/z) were used in this best classification model. The neural network calculated a cross-validity estimate, which was 90.59%. To validate the model accuracy, the validation set data was tested using the optimum model. The sensitivity and specificity of the diagnostic model was 100% and 75% respectively.
Identification of the cancer markers
With this bead-based proteomic technology, we found several potential gastric cancer markers. A highly sensitive (75%) and specific (100%) marker occurred at Figure 4 . Receiver operator characteristics (ROC) curves generated with the 5248.49Da and 5754.25Da used to distinguish gastric cancer from normality. The areas under the curve (AUC) were 0.983 for the 5248.49Da protein peak and 0.964 for the 5754.25Da protein peak.
4268 Da (p=1.31E-06), which we further identified as having the highest AUCs (> 0.95). After fractionation by Nano Aquity UPLC (Waters Corporation, Milford, USA), the eluted gastric cancer plasma samples were further purified by C18 beads with diameters of 5µm and 3. 5µm, then serially eluted with 5% and 95% acetonitrile. Samples were then subjected to LTQ Orbitrap XL MS/MS (Michrom Bioresources, Auburn, USA) analysis. Marker 4268Da was significantly enriched. This acetonitrile eluate was further subjected to TOF MS/MS analysis. The MS fingerprint was subjected to International Protein Index (IPI Human v3.45 Fasta with 71983 entries) searching for peptide sequence and further analyzed using the NCBI database for protein identification. The sequence was determined to be PFTQCVTKGSFKAQWQETTYNLFTFCCLFLLPLTAM, which matches 36 of 178 amino acids in the fragment of Isoform 1 of Putative gonadotropin-releasing hormone II receptor (GNRHR2, shown in Figure 5 ).
DISCUSSION
We directly profiled protein/peptide patterns from affinity bead-purified plasma samples with MALDI-TOF-MS and determined several markers that differentiated gastric cancer from control samples with high sensitivity (>90%) and specificity (>90%). However, the number of specimens analyzed in our study was relatively and thus may limit the validity of (M +15H) 15+ charge state of sera acquired in the Orbitrap at 100,000 resolution (1067.51(4+), 854.21(5+), 712.01(6+)); B, MS/MS fragmentation spectrum analyzed in the Orbitrap for ion of 1067Da. these markers and their subsequent utility in clinical diagnostics. As a result, further independent validation studies with a larger sample size are needed to determine the utility of this marker for diagnosis, which is currently being undertaken in our lab.
As the key to better prognosis for gastric cancer patients is early detection and treatment, tumors confined to the mucosa or sub mucosa identified at an early stage result in a five-year survival rate of over 90% (16) . In late detection, prognosis is much worse, however, a lack of convenient diagnostic markers makes late diagnosis and consequent poor prognosis more common. Tumor antigens either in the serum (CEA, CA19.9, CA72-4 and CA50) or gastric juice (CEA, CA19.9 and fetalsulfoglycoprotein) have low sensitivity and specificity and are not clinically useful (17, 18) . Meanwhile, two general categories of cellular proteins are released into the circulation: large proteins that are actively secreted and low-molecular-weight (LMW) proteins that enter the blood passively from cellular degradation or cleavage (19, 20) . There is great deal of interest in the LMW region as a source of diagnostic information, particularly substances smaller than 20 kDa. Degradation by endo-protease activity is a proposed mechanism to account for the abundance of LMW peptides found by direct MS analysis of plasma. In our results, the marker of 4268Da that was later identified by MS/MS may result from this mechanism, and further research about this is ongoing in our lab.
High-throughput serum proteomic techniques including 2D-PAGE, SELDI-MS, and HCLP have been used to study candidate serum biomarkers for early gastric cancer detection. 2D-PAGE enables simultaneous visualization of relatively large portions of the proteome and has been used to identify gastric cancer markers (6), however, 2D-PAGE may not be clinically useful, due to its complexity. Several diagnostic models for gastric cancer have been described using the SELDI technique (27) (28) (29) (30) (31) . Poon et al (11) demonstrated a model with a specificity of 95% and a sensitivity of 83%. SELDI, however, has problems of stability and reproducibility and therefore may not be suitable for routine clinical use, and it is also not possible to identify these selected out candidate biomarkers with this technique either. CLINPROT MALDI-TOF-MS, using magnetic bead affinity purification is highly accurate and reproducible, with a sensitivity, which allows high throughput and is compatible with the identification of proteins (12, (22) (23) (24) . This technique has been applied to the identification of many proteins associated with various solid organ malignancies, such as pancreatic cancer (25) , nasopharyngeal cancer (14) , and breast cancer (26) . For gastric cancer, Ebert et al (25) used MALDI-TOF mass spectrometry after pre-fractionation of sera with magnetic hydrophobic C8 coated beads. A peptide fragment for m/z value 1465.64 Da was found to be highly elevated in cancer sera and was identified as fibrinopeptide A. We found 94 distinguishable peaks in the 1,000 to 10,000 m/z range, with 23 peaks having statistically significant differential expression (P<0.005). The normalized peak intensity of each feature was analyzed by ROC curve. Using the SNN analysis package in the CLINPROT software, six particularly significant peaks were selected from the discovery set data and were used to generate a diagnostic model which was applied to data from the validation set. Sensitivity and specificity for the diagnosis of gastric cancer estimated on this set was 100% and 75% respectively. We further identified three peptide fragments with respective m/z values of 4268.05, 5248.49 and 5904.83 with high accuracy (AUC > 0.95) by ROC analysis. These protein/peptide fragments with high specificity and sensitivity may be good serum biomarkers for gastric cancer. Later studies in a larger population group are necessary to confirm this finding. Next, we identified the 4268Da marker as the fragment of Isoform 1 of Putative gonadotropin-releasing hormone II receptor (GNRHR2) by MS/MS. GNRHR2 is receptor for gonadotropin releasing hormone II (GnRH II), and belongs to the Gprotein coupled receptor 1 family. It mediates its action by association with G proteins that activate a phosphatidylinositol-calcium secondary messenger system. In non-hominoid primates and non-mammalian vertebrates, GnRHR2 encodes a seven-transmembrane Gprotein coupled receptor. However, in humans, the Nterminus of the predicted protein contains a frame shift and premature stop codon. In humans, GnRHR2 transcription occurs but whether the gene produces a functional Cterminal multi-transmembrane protein is currently unresolved. Alternative splice variants have been reported. An untranscribed pseudogene of GnRHR2 is also located on chromosome 14. GnRH II receptor mRNA was ubiquitously expressed. GnRH II is involved in the suppression of cell growth in tumor cell lines (32) . The expression of functional type II GnRH receptor transcripts in human sperm could be part of the existing network of intratesticular or neuroendocrine hormonal regulation governing spermatogenesis. The physiological roles played by GnRH II and its receptor are unknown, so research is underway to more clearly define the function(s) of GnRH II and its receptor. Whatever answers are forthcoming from these studies, we predict that GnRHR II may play an important role in gastric tumorigenesis.
To the best of our knowledge, this is the first description of a serum diagnostic model for gastric cancer established using affinity bead and MALDI-TOF-MS based proteomic techniques. Our model appears to have excellent sensitivity and a specificity, which is higher than other gastric cancer markers available presently. The proteins we have identified are potential serum biomarkers for the diagnosis of gastric cancer however identification and functional analysis is important: In addition to confirming their utility as markers, their function may provide new insights into tumor development and environmental responsiveness, which could eventually be translated into new diagnostic and prognostic insights for the clinician.
In summary, we have described a novel serum proteomic technique using magnetic affinity beads to purify proteins prior to MALDI-TOF-MS analysis. This technique allowed for identification of specific peaks within the protein spectra for comparison with control samples. The initial data is promising but a larger collected sample set, possibly from a multi-centre trial, is necessary to validate and identify the differentially expressed proteins we identified. 
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